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Introduction
A century of experimental work has not defined the unique contribution of auditory cortex (AC) to hearing, nor explained how it accomplishes this functional mission, nor identified its precise limits. Much data describes its tonotopic (Schreiner et al., 2000) or binaural (Ehret, 1997) organization, or their absence (Schreiner, 1992) , and the properties of single cells in some AC layers (e.g., layer IV) are known in detail (Smith and Populin, 2001) , whereas those of cells in other layers (II) remain largely unexplored . The data confirm indisputable AC participation in sound localization (Neff et al., 1975) , binaural processing (Stecker et al., 2005) , representational plasticity (Moucha et al., 2005) , and experience related reorganization (Pollok et al., 2005) , though its specific contribution relative to that of subcortical structures remains obscure. Likewise, there is substantial data on the primary area, AI, for several species (Winer, 1992) , and far less on other tonotopic and non-primary, non-tonotopic areas, whose distinguishing anatomical features are largely unknown (Wallace et al., 1991) , as are the relations between them.
It is timely nonetheless to summarize basic themes as an impetus to understanding AC function and for framing future questions. This analysis concentrates on cat area AI except in a few instances where other fields with a cochleotopic representation are considered; less can be said about the non-primary areas, and a principled comparative perspective that includes humans and other primates on an equal footing will entail further study. This account is concerned less with matters of theory (serial or hierarchical processing, parallel or distributed networks, etc.) than in identifying circuits, cells, and connections enabling essential AC operations. A core premise is that monosynaptic AC influence extends to diverse sites in the medial geniculate body (MGB), inferior colliculus (IC), and amygdala, to name just three of many targets. The many corticofugal connections and the highly divergent network of corticocortical circuitry merit the appellation of distributed auditory cortex.
Mechanisms
This exposition relies primarily on connections for two reasons. First, functionality requires connections and circuits to implement its roles. Second, only a mere fraction of the total possible connections link auditory structures, thus constraining function.
Connections
The extrinsic connections of MGB and AC origin are summarized. Patterns of neuronal architecture (Fig. 1a) or intralaminar AC circuitry are known only in AI. The term, network, refers to the convergent and divergent projections that link areas and nuclei serially and hierarchically; many circuits are likely chemically specific, as in other modalities (Briggs and Callaway, 2001) , and their roles remain to be enumerated. These diverse connectional networks support the idea of distributed AC functional processing. Too little is known about intrinsic and intralaminar AC connections to warrant specific functional conclusions.
Thalamocortical network
The spatial layout of characteristic frequency (CF) is perhaps the most thoroughly analyzed axis of MGB and AC functional organization. Complete CF maps are found in the MGB ventral division and the associated rostral pole nucleus (Imig and Morel, 1985a,b) , with CF in the dorsal (Aitkin and Dunlop, 1968) and medial (Aitkin, 1973 ) divisions partial or far less ordered. The projection topography of the dorsal and medial division to AC is, however, as ordered as that of the ventral division . Thus, even nuclei and areas without tonotopy have topographic extrinsic connections. The two MGB CF representations may contribute in AC to five (cat) (Clarey et al., 1992) or three (monkey) (Brugge and Reale, 1985) CF maps, implying that one thalamocortical (TC) role is the creation of new CF representations for emergent computations (Lee et al., 2004a,b) .
Thalamocortical projections constitute a network since they are topographic and largely reciprocal (single MGB divisions project to several AC areas, which in turn each project to multiple MGB targets) and because they entail bidirectional connections with the thalamic reticular nucleus (TRN) (Crabtree, 1998) . Several MGB divisions also project to the amygdala to establish auditory-limbic relations (Shinonaga et al., 1994) . Thus, nuclei contributing to the several TC streams often receive reciprocal corticofugal projections, all AC areas receive MGB input (Huang and Winer, 2000) , and thalamic connections may synchronize auditory, attentional, and limbic processes.
Each MGB division projects to unique areal and laminar targets: ventral division cells end primarily in tonotopic fields and in layer III chiefly (Fig. 1c: 3), the medial division projects to all AC areas ( Fig. 2a:M) and beyond, targeting layers I and VI mainly (Fig. 1e) , and dorsal division cells (7), small multipolar neurons (8), and horizontal cells in layers I (9) and VI (10). Many more subtypes are found in morphological studies limited largely to AI (Winer, 1992) . Golgi-Cox impregnation, 140 lm thick section, planachromat, N.A. 0.95, ·1000. (b) AI cytoarchitecture shows a prominent layer I, a dense concentration of layer II cells, smaller layer IV cells, and columnar somatic arrangements in deeper layers. Nissl preparation, 30 lm thick celloidin embedded section, planapochromat, N.A. 0.65, ·500. (c-e) Laminar distribution of thalamocortical boutons after medial geniculate body (MGB) deposits of biotinylated dextran amines (Huang and Winer, 2000) . Abscissa, bouton percentages/layer in pia-white matter traverses. (c) After ventral division tracer deposits, labeling is concentrated in layer III. (d) MGB dorsal division deposits had a wider laminar dispersion. (e) Medial division deposits had a bilaminar AC pattern. (f) The proportion of caminobutyric acid-containing (GABAergic) AI cells is lamina specific. Antisera to GABA, 30 lm thick frozen section (Prieto et al., 1994b) . (g) The laminar origins of six AI projection systems (1-6). While these origins overlap, few such neurons project to multiple subcortical targets (Wong and Kelly, 1981) ; gray background, intrinsic and local projections (Read et al., 2001) , also present within the colored regions. (1) unpublished observations; (2) Code and Winer (1985) ; (3) Winer and Prieto (2001) ; (4) Winer (2005) ; (5) Schofield and Coomes (2004) ; (6) Schofield and Coomes (2005) . For abbreviations, see the list.
( Fig. 2a :DS, D, DD, Sl, Sm) terminate preferentially in nontonotopic areas and end in most layers (Fig. 1d) . This implies TC areal selectivity and laminar stream segregation, suggesting that MGB divisions may drive and modulate AC areas uniquely (Sherman and Guillery, 1998) . The morphological diversity of TC axons supports this idea, with some layer I endings unexpectedly the largest (Huang and Winer, 2000) . Input to AI alone is clustered and focal. 
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Though the synaptic target of single TC axons is unknown, they may reach a diverse population of postsynaptic cells (Smith and Populin, 2001 ), a pattern permitting the accurate transmission of specific stimulus features and differential concurrent integration patterns between functional domains (Miller et al., 2002) . All MGB divisions have comparable projection topography with similar spatial source and target relationships .
Corticocortical network
The auditory, multisensory, and limbic-related MGB streams are elaborated and extended in AC by the corticocortical (COR; Fig. 2b ) and commissural (CM; Fig. 2c ) systems which, together, constitute 85% of extrinsic AC input (Lee et al., 2004a,b) . Several principles have emerged in studies of AC COR connectivity in cat (Lee et al., 2004b) and marmoset (de la Mothe et al., 2006) . Each area projects to many, even all, ipsilateral fields. Areas with ordered CF representations have strong connections with similarly ordered fields, and weaker connections with other areas. Projections within an area are the largest single input, in accord with analyses of local connectivity (Read et al., 2001) . Fewer than five areas form the bulk of the COR projection to a given field. Supra-and infragranular layers contribute to the COR system, but have origins restricted to specific AC sources and targets ( Fig. 1g:1) . Infragranular projections are common in areas with clear CF, while some fields have mixed convergence patterns, e.g., area AII receives input from three supra-, three infra-, and seven bilaminar sources. Areal and laminar COR connections are highly divergent and do not have a simple serial pattern.
In the macaque, long range COR projections contribute to two parallel streams (Fig. 3f ) that link AC and extraauditory cortex (Rauschecker and Tian, 2000) . A dorsal pathway ('where') projects from core (tonotopic) and belt (adjoining) areas to the posterior parietal cortex. A second stream ('what') arises from the belt areas and targets parabelt areas, which project to temporal fields T2/T3. Both streams converge in prefrontal areas 8a, 46, 10, and 12, perhaps for global integration.
Commissural network
The CM pathway in cat (Lee et al., 2004a) and marmoset (de la Mothe et al., 2006 ) is highly reciprocal, often clustered and focal, and nearly an order of magnitude smaller than the COR network. Projections arise in, and target, fewer fields than the COR system (Fig. 2c) . Some inputs have unexpected origins, e.g. from non-tonotopic areas to fields with a CF gradient, and the converse, though heterotopic projections are relatively smaller. Layers III and V are the exclusive laminar origins (Code and Winer, 1985) , with layer III in certain areas only and other areas having bilaminar origins; these diverse laminar patterns do not permit a comprehensive functional interpretation. However, the CM system may cooperate with TC (Middlebrooks and Zook, 1983) and interhemispheric (Imig and Brugge, 1978) binaural interactions.
Corticofugal network
The traditional view that the corticofugal (COF) projections are primarily engaged in feedback (Winer, 2006) has been modified by studies of their diverse physiological influences on MGB (Villa et al., 1991) and IC (Jen et al., 2001 ) and anatomical investigations with sensitive axoplasmic tracers reveal considerable morphologic variety (Bajo et al., 1995) . COF projections terminate in many ascending auditory stations as specifically and selectively ( Fig. 2h-m) as does the afferent system, and their size and many origins imply that parallel descending streams embody a distributed network. COF projections arise from layers V and VI only, involve pyramidal cells exclusively (Prieto and Winer, 1999; Winer and Prieto, 2001) , are primarily glutamatergic (Kharazia et al., 1996) , and their axon morphology is origin-and target-specific Winer, 2005) .
The corticothalamic system is the largest COF projection, with all MGB divisions receiving input (Fig. 2h) . Some polysensory and limbic-related AC areas project to almost all MGB divisions, while the tonotopic areas have more focal input to MGB areas with similar functional attributes. Projections from AI layers Va, Vc, and VI may form parallel COF pathways (Fig. 1g) (Winer, 2006) .
The corticocollicular projection is relatively smaller and targets chiefly the IC dorsal and lateral (external) cortex (Winer et al., 1998) , both of which are extralemniscal nuclei (Coleman and Clerici, 1987) . Rodents may receive more input to the central nucleus (Saldañ a et al., 1996) than cats (Winer et al., 1998) and monkeys (FitzPatrick and Imig, 1978) . Projections to the central gray and amygdala (Romanski and LeDoux, 1993) constitute an auditory-limbic interface complementary to the thalamolimbic input (Huang and Winer, 2000) . (b) Ipsilateral corticocortical long range projections suggest that the tonotopic areas (AI, AAF, P, VP, Ve) are a group, that the non-primary areas (AII, AES, DZ) have a wide range of weaker inputs which largely exclude multisensory and limbic sources; and that limbic (In, Te) and multisensory areas (ED, EI, EV) are independent of the tonotopic areas and have mutual and reciprocal inputs with one another (unpublished observations). (c) The commissural projections are smaller and more reciprocal than those of the corticocortical system (unpublished observations). (d) Cat AC areas . (e) Cat basal forebrain subdivisions (Beneyto and Prieto, 2001 ). (f) Cat MGB subdivisions (Winer, 1992) . (g) Cat inferior colliculus subdivisions (Winer, 2005) . (h) Corticothalamic projections are as specific and focal as thalamocortical projections (a) . (i) Corticocollicular projections show modest central nucleus input and non-primary AC projections as topographic as those of the primary areas (Winer et al., 1998) . (j) Central gray input arises largely from multisensory and non-primary AC (Winer et al., 1998) (Bowman and Olson, 1988a) , which are linked to tonotopic areas via corticocortical input (Bowman and Olson, 1988b) . Vestibular and somatic sensory influence reaches MGB subdivisions (Blum et al., 1979) which project widely to AC and beyond (Winer and Morest, 1983) . (c) The premotor relations with nigral, striatal, and paralemniscal areas might coordinate skeletal (Olazábal and Moore, 1989) and smooth muscle (Winer, 2006) and vocalization-related pathways (Feliciano et al., 1995) in auditory and multimodal behaviors. (d) The plasticity-associated limb is related to nucleus basalis (NB/SI) input to AC (Kamke et al., 2005) . Perirhinal cortex targets both MGB (chiefly non-lemniscal) and AC (all areas) extensively (Witter and Groenewegen, 1986) . (e) The AC input to the amygdala (Al) and central gray (CG) allows access to many extraauditory sites (Clascá et al., 2000) . (f) In the macaque, convergent input to the prefrontal cortex may represent parallel acoustic object recognition and localization streams, respectively (Rauschecker and Tian, 2000) ; frontal lobe influence likewise reaches wide expanses of the supratemporal plane (Jones and Powell, 1970) . Input from the multimodal suprageniculate nucleus (Sl) to the frontal lobe (?) is of unknown significance (Kobler et al., 1987) . Relations with the thalamic reticular nucleus (Crabtree, 1998) and the effects of ventral tegmental stimulation on AC plasticity (Bao et al., 2001 ) have been omitted for reasons of space. See text for discussion. (Shinonaga et al., 1994) . Other targets are the ventral nucleus of the trapezoid body, lateral superior olive, and dorsal cochlear nucleus Coomes, 2004, 2005) ; these projections decrease in size (but not density) with distance from AC.
Premotor targets include the striatum (from most AC areas) (Reale and Imig, 1983) , the pontine nuclei (all areas), and the bat paralemniscal midbrain (Schuller et al., 1991) . Corticopontine input is highly focal and divergent (Perales et al., 2006) , whereas corticocollicular and corticothalamic projections are more continuous (Winer, 2005) .
Neurochemistry
Distributed processing embodies interactions between extrinsic and intrinsic projections. The intricate laminar differences in local circuit neurons suggest that each AC layer is modulated locally in complex ways that remain to be defined (Sutter and Loftus, 2003) . Neurons accumulating c-aminobutyric acid (GABA) represent 20-25% of cells in monkey sensory and motor cortex (Hendry et al., 1987) and cat AC (Prieto et al., 1994b) (Fig. 1f) and likely project to targets within <1-2 mm (Kisvárday et al., 1993) . Intrinsic axons of pyramidal cells (Winer, 1984; make local, presumptively glutamatergic contributions (Prieto and Winer, 1999) .
Gamma aminobutyric acid
The proportion of GABAergic neurons (Fig. 1f ) ranges from >90% (layer I) to 16% (VI) to 25% (IV) (Prieto et al., 1994b) . Puncta (axon terminals) are also layer-and cellspecific (Prieto et al., 1994a) . Some GABAergic types occur in many layers (small multipolar or bipolar cells) and others in one (layer II extraverted multipolar cells) or two layers (horizontal cells in layers I and VI; Fig. 1a: 9,10 ). Some GABAergic neurons have morphologic variants (small, medium, and large multipolar cells), others are distinguished only biochemically (visual cortex bipolar cell subtypes) (Peters and Harriman, 1988) , and some have synaptic specializations (chandelier cells) (De Carlos et al., 1987) or unique targets (basket cells) (Kisvárday et al., 2002) or dendritic specializations (inverted pyramidal cells; Fig. 1a:6) (Winer and Prieto, 2001) . In monkey visual cortex, each chemically and morphologically specific layer VI cell type (Briggs and Callaway, 2001 ) may represent a subclass; if so, the phenotypic range of neocortical interneurons may be immense. Such local arrangements likely provide key contributions to circuits for feature extraction in the several intercortical functional streams described below.
Acetylcholine
The nucleus basalis (Jones et al., 1976 ) is the main extrinsic cholinergic input to AC, though a few AC cells are immunopositive, and all layers receive immunostained axons (Kamke et al., 2005) . The widespread cholinergic AC innervation suggests roles (Metherate et al., 2005) complementary to the serotonergic (Descarries et al., 1975) and noradrenergic (Descarries et al., 1977) systems.
Functional profile
The distributed AC elaborates several processes begun in the auditory brain stem, and may initiate new operations. These might include the creation of new areas and CF maps; emergent processing regimes might arise from direct and indirect limbic connections, and massive COF projections to the MGB and IC.
Audition
The formation of multiple, interdependent AC feature maps may be a major task of the TC system. Thus, the MGB contributions to CF maps in areas AI and AAF (anterior auditory field) are 98% independent (Lee et al., 2004b) . Since the MGB contains only two complete CF maps Morel, 1984, 1985a) , interspersed TC cells contribute to these independent representations, and few cells diverge to both areas.
A second facet of distributed AC organization is that all extrinsic areal connections -tonotopic, non-tonotopic, multisensory, and limbic affiliated -are highly, and equally, topographic . This shared internal metric may coordinate processing across five primary and eight non-primary areas.
Multisensory processing
The AC has a distributed role in multisensory processing as well as in hearing. Five auditory or periauditory cortical areas have visual input (Bowman and Olson, 1988a) ; AC abuts visual and polysensory areas (Stein and Meredith, 1993) ; there are direct visual influences on AC neurons (Schroeder et al., 2001) ; AC has COR projections to multisensory areas (Mellott et al., 2004) ; and COF auditory influences reach the visual thalamus and midbrain (Winer et al., 1998) . Collectively, these several, often reciprocal, influences suggest a web of relations among multisensory areas and nuclei. Unlike the apparent AC emergence of multiple CF maps, the multisensory relations appear early as somatic sensory input to the cochlear nucleus (Young et al., 1995) or as visual interactions with sound localization (Heffner and Heffner, 1992) , or as crosstalk between the IC and the superior colliculus (García del Caño et al., 2006) .
Limbic function
Robust corticoamygdaloid input may mediate visceromotor and appetitive behavior (Romanski and LeDoux, 1993) , while the central gray projection could shape defensive and agonistic processes (Brandão et al., 1988) . These pathways also have reciprocal and extended connections with the distributed AC. Thus, divergent projections reach IC subdivisions with robust and reciprocal central gray connections (Kipps et al., 2005) . Likewise, corticogeniculate input targets MGB divisions receiving parahippocampal input (Witter and Groenewegen, 1986) and which have strong reciprocal amygdaloid connections (Shinonaga et al., 1994) . This enables monosynaptic auditory corticoamygdaloid and disynaptic and reciprocal corticothalamoamygdaloid and corticoamygdalothalamic streams. The distributed AC is thus ultimately confluent with the extended amygdala (Swanson and Petrovich, 1998) . Without such neural mechanisms it is difficult to envision how rapid and specific auditory-limbic interactions are enabled and coordinated.
Premotor
Motor activity influenced by audition includes somatic, visceral, vocal behavior, and movement planning components. Acoustic startle and its inhibition are shaped by sensory input that requires integration across these four domains. AC input to the putamen arises from primary, non-primary, multisensory, and limbic related fields (Beneyto and Prieto, 2001 ) and might affect motor set and cognitive aspects of movement planning. Corticocollicular projections target IC subdivisions (Winer et al., 1998) with robust substantia nigra input (Olazábal and Moore, 1989) and corticofugal AC axons end in the adjoining intralaminar nuclei , which modulate global TC excitability and vigilance (Steriade, 1997) . Moreover, AC projections to the superior colliculus may synchronize pinna, eye, and head movements (Diamond et al., 1969; Berman and Payne, 1982) .
Visceromotor tone might reflect AC input to central gray (Winer et al., 1998) subdivisions implicated in agonistic and defensive behavior (Graeff et al., 1993) ; such input arises from insular (Clascá et al., 1997) , but not temporal, cortex, confirming their independence and suggesting parallel descending pathways (Winer, 2005 (Winer, , 2006 . AC input to the paralemniscal zone can affect bat vocalizations (Schuller et al., 1997) . Corticopontine projections arise from all AC regions, consistent with the view that AC tonotopic, non-tonotopic, multisensory, and limbic areas each influence premotor control (Perales et al., 2006 ). An even more direct role is postulated for AC input to olivocochlear cells (Mulders and Robertson, 2000) .
Cognitive networks
When essential spatiotemporal information has been extracted, what becomes of these perceptual computations? Serial models do not require a terminus, and the extraauditory affiliations of primate AC extend far into the frontal lobe (Fig. 3f) , with specific stepwise parietofrontal and temporofrontal progressions arising from particular MGB domains (Romanski et al., 1999) . A third supratemporal stream ends in areas 8B, 9, 10, and 12; and area 22 in the superior temporal sulcus and associated cortex target frontal lobe areas 10, 12, and 25. Frontotemporal streams then influence broad supratemporal territories (Jones and Powell, 1970) . Imaging studies have extended the limits of primate auditory, auditory-visual, frontal, and prefrontal areas (Poremba et al., 2003) , though the connectivity sequence remains incomplete. Projections from the bat suprageniculate nucleus to frontal cortex (Fig. 3f :Sl) might convey multisensory information for extraauditory processes (Kobler et al., 1987) .
Themes
Two signal features of AC anatomical organization are the breadth and diversity of its connections and the intricacy of its local circuits. The range of its extrinsic projections -from the cochlear nucleus to the frontal pole -suggests that the distributed AC may have manifold functional roles.
Representation and computation
Human AC must decode many natural and synthetic languages and sounds, a capacity whose substrates are enigmatic. How do the network elements represent auditory experience? Some areas have conserved CF organization and narrow tuning curves (Clarey et al., 1992) , systematic binaural representation (Middlebrooks and Zook, 1983) , and mainly auditory input ; this is the classical lemniscal system (Fig. 3a: black). Other areas have weak CF organization, broad tuning curves, non-topographic representation of aurality and other features, and strong polysensory or limbic inputs related only indirectly to hearing (Winer and Morest, 1983) . Lemniscal forebrain damage causes spatial and spectral deficits (Jenkins and Masterton, 1982) ; extralemniscal trauma affects integrative tasks such as the extraction of patterns embedded in noise (Neff et al., 1975) . This suggests that certain AC areas have primarily a representational role, whereas areas without such topographies remain available for rapid functional reassignment. The model predicts, and the data confirm, that corticocortical connections are divergent, convergent, and often reciprocal (Lee et al., 2004b) ; that relatively weak areal relations are the norm ; that no area dominates another (Lee et al., 2004a) ; that resident neural circuitry enables areas to respond to new demands flexibly and with appropriate computational capacity ; and that all extrinsic connections obey common topographic principles for purposes of representational coherence .
This present, four-part scheme envisions that families or small suites of areas rapidly forge and dissolve computational alliances to meet new perceptual demands. It requires that most AC areas are tonotopically uncommitted (Schreiner and Cynader, 1984) , and supports the idea that population coding optimizes the cooperative capacity of transient or weak ad hoc and adventitious connectivity between areas or small neural ensembles (Furukawa et al., 2000) .
Plasticity and auditory function
The question remains as to the role(s) of the corticofugal system(s). The usual candidates are: feedback, reciprocity, parity, executive control, and hegemony (Winer, 2006) . None is entirely satisfactory; all are descriptive rather than analytic. For example, why should feedback be necessary if spiral ganglion cells faithfully encode peripheral dynamic changes more rapidly than AC cells can? If reciprocity is important, what computations in AC proscriptively direct the MGB or IC as to the import of afferent signals? If so, from where does AC derive, and how does it seriate, such instructions? How does parity operate when the AC influences target areas, e.g., the pontine nuclei, whose relations to AC are remote and most indirect? If the AC exerts executive control, then what purpose is served by the corticostriatal connections, which can hardly be said to be executive in any sense? If the corticofugal system is hegemonic, then why are vast caudal brain stem territories, e.g., the anteroventral cochlear nucleus, the medial nucleus of the trapezoid body, the lateral lemniscal nuclei, devoid of such input? Finally, if a role of AC is to instantiate plasticity in subcortical dependencies, does this mean that species without AC are incapable of such plasticity, and that those with a large neocortex enjoy more of it? What processes enable and disable the commands that initiate, sustain, and terminate plasticity? If AC engenders subcortical plasticity, what process limits its dispersion, and what global mechanism coordinates the plasticity from area to area and from area to nucleus so that the plasticity itself is coherent? Answers to these and related questions will clarify the many roles of the distributed auditory cortex.
